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ABSTRACT 
E x p e r i m e n t s  c o n t r i b u t i n g  t o  t h e  u n d e r s t a n d i n g  o f  t h e  a e r o d y n a m i c s  o f  a i r f o i l s  o p e r a t i n g  
i n  t h e  v e r t i c a l  a x i s  w i n d  t u r b i n e  (VAWT) e n v i r o n m e n t  a r e  d e s c r i b e d .  These  e x p e r i m e n t s  
a r e  u l t i m a t e l y  i n t e n d e d  t o  r e d u c e  VAWT c o s t  o f  e n e r g y  and  i n c r e a s e  s y s t e m  r e l i a b i l i t y .  
They  i n c l u d e  c h o r d w i s e  p r e s s u r e  s u r v e y s ,  c i r c u m f e r e n t i a l  b l a d e  a c c e l e r a t i o n  s u r v e y s ,  
e f f e c t s  o f  b l a d e  camber .  a i t c h  a n d  o f f s e t .  b l a d e  b l o w i n g ,  and  u s e  o f  s e c t i o n s  d e s i g n e d  
s p e c i f i c a l l y  f o r  VAWT a p p i i c a t i o n .  
INTRODUCTION 
I t  i s  a n t i c i p a t e d  t h a t  r e d u c t i o n  i n  c o s t  
o f  e n e r g y  f o r  VAWTs c a n  b e  e f f e c t e d  t h r o u g h  
r e l a t i v e l y  s i m p l e  d e p a r t u r e s  f r o m  t h e  c u r -  
r e n t  a e r o d y n a m i c  d e s i g n .  T h i s  e x i s t i n g  
d e s i g n  u s e s  b l a d e s  o f  s y m m e t r i c a l  c r o s s -  
s e c t i o n  moun ted  s u c h  t h a t  t h e  r a d i u s  f r o m  
t h e  t o w e r  c e n t e r l i n e  i s  n o r m a l  t o  t h e  
b l a d e  c h o r d  a t  a p p r o x i m a t e l y  t h e  40% 
c h o r d  p o i n t .  The d e p a r t u r e s  f r o m  t h i s  
c o n f i g u r a t i o n  a r e  a n t i c i p a t e d  t o  1 )  l o w e r  
c u t - i n  w i n d s p e e d ,  2 )  i n c r e a s e  maximum 
a e r o d y n a m i c  e f f i c i e n c y ,  and  3 )  l i m i t  max- 
imum a e r o d y n a m i c  o u t p u t  power .  A l l  o f  
t h e s e  e f f e c t s  h a v e  been  shown t o  i n c r e a s e  
e n e r g y  c a p t u r e  f o r  a g i v e n  b a s i c  s y s t e m  
a n d / o r  r e d u c e  s y s t e m  c o s t  f o r  a g i v e n  a n -  
n u a l  e n e r g y  o u t p u t . ]  The a i r f o i l  s e c t i o n  
c h a r a c t e r i s t i c s  w h i c h  w o u l d  b r i n g  a b o u t  
t h e s e  d e p a r t u r e s  a r e  1)  l o w e r  s e c t i o n  z e r o  
l i f t  d r a g  c o e f f i c i e n t ,  Cdo, 2 )  h i g h e r  max- 
imum s e c t i o n  l i f t - t o - d r a g  r a t i o ,  (R/d)max,  
and  3 )  l o w e r  s e c t i o n  maximum l i f t  c o e f -  
f i c i e n t ,  CEmaXy a n d  h i g h e r  d r a g  c o e f f i -  
c i e n t  a t  w h i c h  C R ~ ~ ~  o c c u r s ,  r e s p e c t i v e l y .  
M o u n t i n g  t h e  b l a d e  a t  some p o i n t  r a d i c a l l y  
d i f f e r e n t  f r o m  t h e  4 0 %  c h o r d  p o i n t  men- 
t i o n e d  a b o v e  w o u l d  a l s o  a l t e r  o p e r a t i n g  
c h a r a c t e r i s t i c s .  T h i s  w i l l  a l l o w  a t o r q u e  
d u e  t o  t h e  s e c t i o n  n o r m a l  f o r c e  t o  c o n t r i -  
b u t e  ( e i t h e r  n e g a t i v e l y  o r  p o s i t i v e l y )  
t o  t h e  r o t o r  t u r n i n g  t o r q u e .  T h i s  p a p e r  
d e s c r i b e s  c e r t a i n  e x p e r i m e n t s  d e s i g n e d  
t o  b o t h  b e t t e r  u n d e r s t a n d  t h e  a e r o d y n a -  
m i c s  o f  a n  a i r f o i l  s e c t i o n  o p e r a t i n g  a s  a 
VAWT b l a d e  e l e m e n t  a n d  b r i n g  a b o u t  some o f  
t h e  c h a n g e s  i n  s e c t i o n  c h a r a c t e r i s t i c s  
a l r e a d y  n o t e d .  The  common g o a l  o f  a l l  o f  
t h e s e  e x p e r i m e n t s  i s  t o  l o w e r  VAWT c o s t  
o f  e n e r g y  and  i n c r e a s e  s y s t e m  r e l i a b i l i t y .  
EXPERIMENTS 
T h e r e  a r e  c u r r e n t l y  s i x  e x p e r i m e n t a l  p r o -  
grams e i t h e r  c u r r e n t l y  u n d e r w a y  o r  p l a n n e d  
f o r  t h e  n e a r  f u t u r e  u s i n g  t h e  S a n d i a  5-in 
and  17-m d i a m e t e r ,  h e i g h t - t o - d i a m e t e r  o f  
one ,  t e s t  bed t u r b i n e s .  These i n c l u d e  
* T h i s  w o r k  s u p p o r t e d  b y  t h e  U . S .  D e p a r t -  
m e n t  o f  E n e r g y  u n d e r  C o n t r a c t  No. 
DE-AC04-76DP00789. 
b l a d e  c h o r d w i s e  p r e s s u r e  d i s t r i b u t i o n  
a n d  a c c e l e r a t i o n  s u r v e y s ,  b l a d e  c a m b e r i n g ,  
b l a d e  o f f s e t  and  p r e s e t  p i t c h  ( i n c i d e n c e ) ,  
b l a d e  b l o w i n g ,  and  t h e  u s e  o f  b l a d e  
s e c t i o n s  d e s i g n e d  t o  o p e r a t e  s p e c i f i c a l l y  
i n  t h e  VAWT e n v i r o n m e n t .  
B l a d e  C h o r d w i s e  P r e s s u r e  
D i s t r i b u t i o n  S u r v e y  
The VAWT b l  ade o p e r a t i n g  e n v i r o n m e n t  i s  
a c o m p l i c a t e d  one .  A b l a d e  e l e m e n t  f o l -  
l o w s  a c i r c u l a r  p a t h  t h r o u g h  s p a c e  o v e r  
w h i c h  b o t h  t h e  v e l o c i t y  m a g n i t u d e  and  
d i r e c t i o n  a r e  c o n s t a n t l y  c h a n g i n g .  A 
b l a d e  e l e m e n t  may s t a l l  and  r e c o v e r  
t w i c e  i n  a s i n g l e  r e v o l u t i o n .  A b l a d e  
e l e m e n t  sees  a r a n g e  o f  R e y n o l d s  numbers 
i n  a s i n g l e  r e v o l u t i o n .  O p e r a t i o n  a t  
v e r y  h i g h  a n g l e s  o f  a t t a c k  i s  common. 
Know ledge  o f  how b l a d e  f o r c e s  a r e  p r o -  
d u c e d  u n d e r  t h e s e  c i r c u m s t a n c e s  i s  s p a r s e .  
A p r o g r a m  has  been  d e s i g n e d  and  h a r d w a r e  
i s  b e i n g  p r o c u r e d  t o  m e a s u r e  b l a d e  
t r a n s i e n t  s u r f a c e  p r e s s u r e s  a t  v a r i o u s  
c h o r d w i s e  l o c a t i o n s  a s  f u n c t i o n s  o f  t i m e .  
Taken  c o n c u r r e n t l y  w i t h  t h e s e  p r e s s u r e s  
w i l l  b e  l o c a l  f l o w  a n q u l a r i t y  a n d  l o c a l  
a i r s p e e d  i n f o r m a t i o n .  The f o r m e r  w i l l  
b e  m e a s u r e d  w i t h  29 E n t r a n  D e v i c e s ,  I n c .  
EPF 200-10  s e m i c o n d u c t o r  t r a n s d u c e r s  
d i s t r i b u t e d  c h o r d w i s e  n e a r  t h e  e q u a t o r i a l  
s e c t i o n  o f  one 61  cm c h o r d  b l a d e  o f  t h e  
S a n d i a  17-m t u r b i n e ,  1 8  on  b o t h  t h e  u p -  
p e r  and  l o w e r  s u r f a c e s  o f  t h e  N A C A  0015  
s e c t i o n  and  one a t  t h e  l e a d i n g  edge .  
The f l o w  a n g u l a r i t y  a n d  speed w i l l  b e  
m e a s u r e d  w i t h  a 1 . 2 7  cm d i a m e t e r  c i r c u -  
l a r  c y l i n d e r  h e m i s p h e r i c a l l y  t i p p e d  
p r o b e  e x t e n d i n g  14  p r o b e  d i a m e t e r s  ahead  
o f  t h e  e q u a t o r i a l  b l a d e  s e c t i o n .  B l a d e  
p o s i t i o n  r e l a t i v e  t o  a f i x e d  compass 
p o i n t  w i l l  be m e a s u r e d  b y  an  AST/Servo  
Sys tems ,  I n c .  23CX6 s y n c h r o .  A m b i e n t  
w i n d s p e e d  and  d i r e c t i o n  w i l l  b e  t a k e n  
f r o m  a . d i r e c t i o n a 1  anemometer  m o u n t e d  7 m 
a b o v e  t h e  t u r b i n e  r o t o r .  The t w o  d i r e c -  
t i o n a l  r e a d i n g s  w i l l  g i v e  b l a d e  p o s i t i o n  
r e l a t i v e  t o  t h e  a m b i e n t  w i n d  a t  a n y  g i v e n  
i n s t a n t  i n  t i m e .  U s i n q  t i m e  a s  a common 
p a r a m e t e r ,  c h o r d w i s e  p r e s s u r e  d i s t r i b u -  
t i o n s  a l o n q  w i t h  l o c a l  f l o w  a n g u l a r i t y  
a n d  l o c a l  f l o w s p e e d  may be c o n s t r u c t e d  as  
f u n c t i o n s  o f  t i p s p e e d  r a t i o  and  b l a d e  
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c i r c u m f e r e n t i a l  1 oca t i  on r e 1  a t i v e  t o  
ambient  w i n d  d i r e c t i o n .  I t  i s  e x p e c t e d  
t h a t  t h i s  d e t a i l e d  i n f o r m a t i o n  w i l l  a l l o w  
i n t e l l i g e n t  a s s e s s m e n t s  of  what i s  hap- 
pening  c i r c u m f e r e n t i a l l y  l o c a l l y  i n  t h e  
g e n e r a t i o n  of aerodynamic  b l ade  f o r c e s  i n  
t h e  v e r y  compl i ca t ed  VAWT o p e r a t i n g  en- 
v i  ronment . 
Blade C i r c u m f e r e n t i a l  A c c e l e r a t i o n  Survey  
An e a r l i e r  17-m expe r imen t  i nvo lved  a 
l i m i t e d  c i r c u m f e r e n t i a l  s u r v e y  of t h e  
b l a d e  e q u a t o r i a l  s e c t i o n  chordwise  a c -  
ce l  e r a t i o n s  . 2  T h i s  i n f o r m a t i o n  proved 
very  v a l u a b l e  a s  i t  p o i n t e d  o u t  t he  e x i s -  
t e n c e  of b l a d e  dynamic s t a l l .  I t  was 
noted t h a t  a more comple t e  t r i a x i a l  
b l a d e  a c c e l e r a t i o n  s u r v e y  cou ld  be e f f i -  
c i e n t l y  r u n  s i m u l t a n e o u s l y  w i t h  t h e  p r e s -  
s u r e  s u r v e y  d e s c r i b e d  above .  T h i s  sur- 
vey w i l l  be taken  u s i n g  S c h a e v i t z ,  I n c .  
LSMPl ( k l  g g r a v i t a t i o n a l ) ,  LSMP2 ( + 2  g 
cho rdwise )  and LSMP25 (k25  g normal )  
a c c e l e r o m e t e r s .  A c c e l e r a t i o n s  w i  1 1  be 
measured a s  f w n c t i o n s  of  t i m e  and r e l a -  
t e d ,  a s  w i t h  t h e  p r e s s u r e s ,  speeds  and 
a n g u l a r i t i e s ,  t o  t i p s p e e d  r a t i o  and b l a d e  
c i r c u m f e r e n t i a l  l o c a t i o n  r e l a t i v e  t o  t h e  
ambient  w i n d  d i r e c t i o n .  These a c c e l e r a -  
t i o n s  shou ld  prove  h e l p f u l  i n  e v a l u a t i n g  
t h e  chordwise  p r e s s u r e  d a t a .  
B1 ade  Cambering 
Blade s e c t i o n  cambering has t h e  p o t e n t i a l  
f o r  a l t e r i n g  per formance  c h a r a c t e r i s t i c s  
i n  two ways. The f i r s t  one i s  t o  t a i l o r  
s e c t i o n  c h a r a c t e r i s t i c s  (CRldfmax, CRmax. 
a s t a l l )  t o  t a k e  a d v a n t a g e  o f  t h e  u p w i n d -  
downwind and a d v a n c i n g - r e t r e a t i n g  r o t o r  
t r a v e r s e s .  The u p w i n d  f l o w f i e l d  i s  r e l a -  
t i v e l y  u n d i s t u r b e d  and has  t h e  h i g h e s t  
ene rgy .  The advancing  p o r t i o n  of  t h e  t r a -  
j e c t o r y  has t h e  h i g h e s t  r e l a t i v e  a i r s p e e d .  
I t  may be p o s s i b l e  t o  camber a b l a d e  e le-  
ment such  t h a t  maximum e f f i c i e n c y  i s  en- 
hanced and a lower maximum power i s  
a c h i e v e d .  The second i d e a  i s  t h a t  a sym- 
m e t r i c a l  b l a d e  s e c t i o n  o p e r a t i n g  i n  a 
c u r v i l i n e a r  f l o w f i e l d  a c t s  l i k e  a cambered 
s e c t i o n ,  t h i s  be ing  due  t o  chordwise  v a r i a -  
t i o n s  a n g l e  of  a t t a c k  stemming from t h e  
c i r c u l a r  t r a j e c t o r y .  The i n v e r s e  of  t h i s  
concep t  i s  t o  a d d  camber t o  an b l a d e  e l e -  
ment ( symmetr ica l  o r  o t h e r w i s e 7  such  t h a t  
t h e  a d d i t i o n a l  camber conforms t o  t h e  
t r a j e c t o r y  of  a p o i n t  a t  t h e  p e r p e n d i c u l a r  
i n t e r s e c t i o n  of a r a d i a l  l i n e  from t h e  
a x i s  of  r o t a t i o n  t o  t h e  e l emen t  chord .  
T h i s  i s  p o s t u l a t e d  t o  r educe  Cdo and 
t h e r e f o r e  d e c r e a s e  c u t - i n  windspeed. 
These two i d e a s  a r e  e s s e n t i a l l y  independ-  
e n t  b u t  a r e  both be ing  i n v e s t i g a t e d .  
Blades  f o r  the  Sand ia  5-m t u r b i n e  were 
o r d e r e d  ex t ruded  i n  t h e  N A C A  ( . 8 5 )  515 
s e c t i o n  w i t h  a 15 .24  cm chord .  T h i s  
camber would c a u s e  t h e  camber l i n e  t o  
c o i n c i d e  w i t h  t h e  t r a j e c t o r y  of a p o i n t  
a t  the  p e r p e n d i c u l a r  i n t e r s e c t i o n  of  a 
r a d i a l  l i n e  from t h e  a x i s  of r o t a t i o n  t o  
t h e  e q u a t o r i a l  b l a d e  e l emen t  a t  i t s  50% 
chord  l o c a t i o n .  Two s e t s  o f  two b l a d e s  
each  were b e n t  t o  the  s t r a i g h t  l i n e  - 
c i r c u l a r  a r c  - s t r a i g h t  l i n e  t r o p o s k e i n  
approx ima t ion  p l an fo rm,  one  s e t  w i t h  the  
camber concave  outward  from t h e  a x i s  of  
r o t a t i o n  and one concave  inward. T h e  
f i r s t  s e t  was t o  i n v e s t i g a t e  t h e  f i r s t  
p o s t u l a t e  s t a t e d  w h i l e  t he  second would 
a d d r e s s  t h e  second.  Both b l a d e  s e t s  
were r u n ,  b u t  i t  was found t h a t  t h e  pe r -  
formance d i f f e r e n c e s  (from t h e  nominal 
NACA 0015 geometry)  measured f e l l  w i t h i n  
t h e  measurement u n c e r t a i n t i e s  of t he  5-m 
d a t a  g a t h e r i n g  sys tem.  In o r d e r  t o  
a m p l i f y  t h e s e  d i f f e r e n c e s  t o  d i s c e r n a b l e  
magn i tudes ,  a second p a i r  o f  b l a d e  s e t s  
were o r d e r e d  e x t r u d e d  i n  the  N A C A  (2 .34 )515  
s e c t i o n .  (Al though the  f i r s t  b l a d e s  
were o r d e r e d  w i t h  a 0 .85% camber,  t h e y  
were a c t u a l l y  e x t r u d e d  t o  a 1 .17% v a l u e .  
T h e  2.34% camber of  t he  second b l a d e  
s e t s  was chosen  because  i t  i s  d o u b l e  
t h a t  o f  t h e  f i r s t . )  
Blade O f f s e t  and P r e s e t  P i t c h  
Mounting b l a d e s  of symmetr ica l  c r o s s -  
s e c t i o n  w i t h  some p r e s e t  pitc.h o r  i n c i -  
dence  a n g l e  ( B )  can a l s o  p o t e n t i a l l y  t a k e  
advan tage  of  t h e  upwind-downwind and 
a d v a n c i n g - r e t r e a t i n g  f l o w f i e l d  d i f f e r e n c e s .  
Computer simul a t i o n s 3 9 4  i n d i c a t e  t h a t  6 ' s  
of  o n l y  a few d e g r e e s  (< +5O) l e a d  t o  
l a r g e  changes  (up t o  25% o r  so )  i n  peak 
e f f i c i e n c y  and peak o u t p u t  power. Vary- 
i n g  the  chordwise  l o c a t i o n  where t he  
p o s i t i o n  v e c t o r  from t h e  a x i s  of  r o t a t i o n  
p e r p e n d i c u l a r l y  i n t e r s e c t s  t h e  b l a d e  
e l emen t  can  a l s o  u t i l i z e  t h e  f l o w f i e l d  
d i f f e r e n c e s .  The mechanism h e r e  i s  t o  
a l l o w  b l a d e  e l emen t  normal f o r c e s  t o  
c o n t r i b u t e  ( p o s i t i v e l y  and n e g a t i v e l y )  
t o  t h e  t u r b i n e  t u r n i n g  t o r q u e .  Current 
d e s i g n  p r a c t i c e  does  n o t  s i g n i f i c a n t l y  
i n c l u d e  t h e s e  c o n t r i b u t i o n s  a s  t h e  chord -  
w i se  mounting p o i n t  i s  v e r y  nea r  t he  
b l a d e  e l emen t  c e n t e r  o f  p r e s s u r e .  
A p a r a m e t r i c  e x p e r i m e n t a l  s e r i e s  i s  c u r -  
r e n t l y  be ing  run on the  Sandia  5-m tur-  
b i n e  which combines bo th  of  t h e s e  e f -  
f e c t s .  I t  i s  implemented by mounting 
t h e  b l a d e  ends on r a c k - l i k e  d e v i c e s  which 
a l l o w  t h e  r a d i u s  v e c t o r  from t h e  tower  
c e n t e r l i n e  t o  normal ly  i n t e r s e c t  t h e  
b l a d e  chord  a t  chordwise  l o c a t i o n s  of 
between 180% chord  behind  and 77% chord  
ahead  of  t h e  b l a d e  l e a d i n g  edge i n  rough- 
l y  13% chord  i n c r e m e n t s .  T h i s  r a n g e  
c o r r e s p o n d s  t o  b l a d e  6 ' s  a t  t h e  equa-  
t o r i a l  p l a n e  of -7 '  t o  +3O ( s e e  F i g .  l ) .  
Some p r e l i m i n a r y  r e s u l t s  a r e  g iven  i n  
F i g s .  2 and 3 .  I t  can be seen  t h a t  t h e s e  
o f f s e t s  have a l a r g e  e f f e c t  on bo th  peak 
power and peak e f f i c i e n c y .  
A second s e r i e s  of  p r e s e t  p i t c h  e x p e r i -  
ments i s  a l s o  p l anned .  T h i s  s e r i e s  i n -  
v o l v e s  p i t c h i n g  o n l y  t h e  c i r c u l a r  a r c  
p o r t i o n  of  t h e  t u r b i n e  b l a d e .  S i n g l e  
h inge  p o i n t s  l o c a t e d  a t  t h e  30% chord  
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l o c a t i o n  a t  t h e  e x t r e m e t i e s  o f  t h e  c u r v e d  
p o r t i o n  w i l l  be o r i e n t e d  s u c h  t h a t  r o t a -  
t i o n  o f  t h e  c u r v e d  p o r t i o n  a b o u t  a n  a x i s  
p a r a l l e l  t o  t h e  t o w e r  c e n t e r l i n e  i s  p o s -  
s i b l e .  
B1 a d e  B1 o w i n g  
As m e n t i o n e d  p r e v i o u s l y ,  maximum r o t o r  
power  i s  g o v e r n e d  by maximum l i f t  c o e f -  
f i c i e n t ,  Ctmax, a n d  t h e  d r a g  a s s o c i a t e d  
w i t h  o p e r a t i o n  a t  t h a t  c o n d i t i o n .  T h i s  
may b e  g o v e r n e d  a c t i v e l y  a s  w e l l  a s  b y  
t h e  p a s s i v e  means d e s c r i b e d  e a r l i e r .  
One scheme f o r  a c t i v e  g o v e r n i n g  o f  m a x i -  
mum power  i s  s u g g e s t e d  b y  t h e  f a c t  t h a t  
t h e  h o l l o w  e x t r u d e d  a l u m i n u m  b l a d e s  when 
r o t a t i n g  a c t  a s  c e n t r i f u g a l  pumps. An 
e x p e r i m e n t  w a i t i n g  t o  b e  r u n  on  t h e  S a n d i a  
5-m VAWT i n v o l v e s  t h e  u s e  o f  b l a d e s  i n t o  
e a c h  o f  w h i c h  h a v e  been  d r i l l e d  o v e r  1000 
c i r c u l a r  h o l e s  o f  0.13 cm d i a m e t e r  s e t  
0 .32  cm o n  c e n t e r .  These  h o l e s  a r e  
p l a c e d  on  b o t h  s i d e s  o f  e a c h  b l a d e  a t  
t h e  4 0 %  c h o r d  p o i n t  a n d  s y m m e t r i c a l l y  
d i s t r i b u t e d  a b o u t  t h e  e q u a t o r i a l  p l a n e .  
By v a l v i n g  t h e  e n d s  o f  t h e  b l a d e s ,  a i r  
v o l u m e  f l o w  t h r o u g h  t h e  h o l e s  may b e  c o n -  
t r o l l e d .  A t  t h e  maximum r o t o r  power  o u t -  
p u t  o p e r a t i n g  c o n d i t i o n ,  s i m p l e  momentum 
and  pump ing  power  c o n s i d e r a t i o n s  i n d i -  
c a t e  an  1 8 %  r e d u c t i o n  i n  r o t o r  p o w e r .  
A d d i t i o n a l l y  a s s u m i n g  t h a t  60% o f  e a c h  
b l a d e ' s  l i f t  i s  s p o i l e d  b y  t h i s  b l o w -  
i n g  s u g g e s t s  t h a t  t h e  r o t o r  w i l l  need  t o  
b e  e x t e r n a l l y  p o w e r e d  i n  o r d e r  t o  m a i n t a i n  
r o t a t i o n a l  speed.  A c t u a l  power l o s s  w i l l  
p r o b a b l y  f a l l  some p l a c e  be tween  t h e s e  
t w o  e x t r e m e s .  
B l a d e  S e c t i o n s  D e s i g n e d  S p e c i f i c a l l y  
f o r  VAWT A p p l i c a t i o n  
T y p i c a l  a i r f o i l  s e c t i o n s  d e s i g n e d  f o r  
a v i a t i o n  p u r p o s e s  e x h i b i t  l o w  d r a g  o v e r  
a l i m i t e d  a n g l e  o f  a t t a c k  r a n g e ,  h i g h  
maximum l i f t  c o e f f i c i e n t s ,  and g e n t l e  
s t a l l  c h a r a c t e r i s t i c s .  T h i s  s e t  o f  c o n -  
d i t i o n s  i s  f a r  f r o m  i d e a l  when c o n s i d e r -  
i n g  VAWT a p p l i c a t i o n s .  R e c e n t l y ,  a t t e m p t s  
h a v e  been  made t o  d e s i g n  an a i r f o i l  s e c -  
t i o n  w h i c h  w i l l  e x h i b i t  l o w  d r a g  o v e r  a 
w i d e r  a n g l e  o f  a t t a c k  r a n g e ,  a l o w e r  
Ctmax, and  more  a b r u p t  s t a l l  t h a n  t h o s e  
s e c t i o n s  c u r r e n t l y  a v a i l a b l e .  Such p r o -  
f i l e s ,  when u s e d  a s  VAWT b l a d e  e l e m e n t s ,  
w i l l  l o w e r  c u t - i n  w i n d s p e e d ,  r a i s e  p e a k  
e f f i c i e n c y ,  and  l o w e r  maximum r o t o r  
power .  D r a g  p o l a r s  f o r  an  1 8 %  t h i c k  
l a m i n a r  f l o w  s e c t i o n  i n t e n d e d  t o  b e  u s e d  
a s  a VAWT b l a d e  e l e m e n t  i s  shown i n  
F i g .  4 .  F o r  c o m p a r i s o n ' s  sake,  s i m i l a r  
p o l a r s  f o r  t h e  NACA 0015  a i r f o i l  i s  g i v e n  
i n  F i g .  5. B o t h  s e t s  w e r e  g e n e r a t e d  
u s i n g  t h e  Ep l e r  s e c t i o n  c h a r a c t e r i s t i c  
s y n t h e s i z e r . !  
VAWT f l o w f i e l d  t u r b u l e n c e  l e v e l s  a r e  
g e n e r a l l y  l o w  e n o u g h  t h a t  m a i n t e n a n c e  o f  
l a m i n a r  f l o w  may b e  r e a s o n a b l y  e x p e c t e d .  
I t  i s  c u r r e n t l y  i n t e n d e d  t o  e x t r u d e  a 
1 5 %  t h i c k  p r o f i l e  h a v i n g  c h a r a c t e r i s t i c s  
s i m i l a r  t o  t h e  o n e s  shown i n  F i g .  4 f o r  
I t  i s  f e l t  t h a t  t y p i c a l  
t e s t i n g  on  t h e  S a n d i a  5-m t u r b i n e  some 
t i m e  l a t e r  i n  t h i s  y e a r .  
SUMMARY 
A number o f  VAWT e x p e r i m e n t s ,  p l a n n e d  
a n d  o n g o i n g ,  h a v e  been  d e s c r i b e d  w h i c h  
a r e  i n t e n d e d  t o  i n c r e a s e  u n d e r s t a n d i n g  
o f  VAWT a e r o d y n a m i c s  f o r  t h e  p u r p o s e s  
o f  r e d u c i n g  VAWT c o s t  o f  e n e r g y  and  
i n c r e a s i n g  s y s t e m  r e l i a b i l i t y .  A l o n g  
w i t h  t h e  a n a l y t i c a l  t o o l s  c u r r e n t l y  i n  
u s e  a n d  u n d e r  d e v e l o p m e n t ,  t h e s e  e x p e r i -  
m e n t s  w i l l  h o p e f u l l y  p r o v i d e  t h e  b a s i s  
f o r  t h e  n e x t  g e n e r a t i o n  o f  m o r e  c o s t -  
e f f e c t i v e  and  r e l i a b l e  v e r t i c a l  a x i s  
w i n d  t u r b i n e s .  
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N O M E N C L A T U R E  
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FIGURE 1 .  D e f i n i t i o n  of Blade P r e s e t  P i t c h  and O f f s e t  
DOE/SAND IA 5-M VAWT 
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F I G U R E  2.  P r e s e t  P i t c h / B l a d e  O f f s e t  Rotor  Power v s  Windspeed, Sandia  5-m 
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F I G U R E  3 .  P r e s e t  P i t c h / B l a d e  O f f s e t  Power C o e f f i c i e n t  v s  
Tipspeed  R a t i o ,  Sand ia  5-m VAWT 
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QUESTIONS AND ANSWERS 
P.C. Klimas 
From: J.A.C. Kentfield 
Q: Have Sandia Labs. considered mounting a floating (i.e., trailing out in the wind) 
airfoil around the circular tube tower? This should reduce the tower wake on the 
downstream blade. 
A: T h i s  concep t  has been  d i s c u s s e d  a t  Sandia.  
From: N.H. Hubbard 
Q: Will your blade pressure measurements include high frequency pressure fluctuations 
on the blade surface? 
A: I d o n ’ t  r e c a l l  t h e  f r equency  re sponse  s p e c i f i c a t i o n s  o f  t h e  Entron,  I n c . ,  EPF 200-10  
semiconductor  t r a n s d u c e r s ,  b u t  t h e y  are  s e n s i t i v e  enough t o  s e e  any f Z u e t u a t i o n s  
c u r r e n t l y  c o n s i d e r e d  impor tan t .  Each p r e s s u r e  w i l l  be sampled o v e r  a 2 0  m i l l i -  
second i n t e r v a l .  
From: Anonymous 
Q: At the beginning of your talk, you said you wanted to decrease C to move C curve 
to the right. Why? LM P 
A: Decreasing C wouZd lower t h e  C curve b y  r educ ing  o u t p u t  power. S i n c e  wind 
LMa3: P 
speeds  correspond ing  t o  t h i s  p o i n t  occur o n l y  f o r  a low percen tage  of t h e  t i m e  
which t h e  wind blows,  c o s t  r e d u c t i o n s  through lowering d r i v e  t r a i n  requ i remen t s  
a re  p r o p o r t i o n a t e l y  g r e a t e r  t h a n  l o s s e s  i n  annuaZ energy,  t h u s  reduc ing  c o s t  of 
energy f o r  t h e  s y s t e m .  A second COE r e d u c t i o n  comes through lowering d r i v e  t r a i n  
l o s s e s ,  t h e s e  b e i n g  p r o p o r t i o n a l  t o  r a t e d  power. 
From: J. Glasgow 
Q: 1) How will you make Transient Pressure Measurements? 
2) Comment in more detail what you expect to get from accelerometers with respect 
3 )  Comment on wind speed measurements for Aero Performance Study = i.e. Distance 
to dynamic stall. 
Averaging Time, etc. 
A: 1) T r a n s i e n t  p r e s s u r e  measurements w i l l  be made w i t h  semiconductor  t y p e  t r a n s -  
2)  Hope fu l l y  t h e  acce le rome ter  measurements w i l l  h e l p  i n  i n t e r p r e t i n g  t h e  
ducers  wh ich  w i l l  be sampled f o r  2 0  m i l l i s e c o n d  t ime i n t e r v a l s .  
p r e s s u r e  measurements.  
3 )  The wind speed measurements w i l l  be made by a d i r e c t i o n a l  cup anemometer 
l o c a t e d  ?m above t h e  t u r b i n e  r o t a t i n g  tower .  Using t h e  w e l l  documented s i t e  
wind s h e a r  p r o f i l e  t h e  measured speed may be  used t o  de t e rmine  t h e  ambient  
speed a t  any d e s i r e d  h e i g h t .  
From: Bill Wentz 
Q: 29 transducers--how many chordwise points will you obtain? How many spanwise? 
A: The 29  t r a n s d u c e r s  a r e  a l l  a t  one spanwise l o c a t i o n .  There a r e  1 4  on b o t h  t h e  
upper and lower s u r f a c e s  and one a t  t h e  l e a d i n g  edge .  
From: G.P. Tennyson 
Q: Should you not also consider airfoil cambering as it relates to power optimization 
(or some such) in addition to symmetrical-about-the-arc-of-rotation cambered air- 
foils? 
A: Y e s ,  t h i s  i s  c u r r e n t l y  be ing  i n v e s t i g a t e d .  
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P .C. Klimas (continued) 
From: Art Smith 
Q: Does increasing pitch narrow down the streamtube thereby increasing power available 
by increasing the velocity at the blade? 
A: Increasing pitch wouZd narrow down the streamtube at some Zocations but increase it 
at others. 
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